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Ablstraci: Field results from a mon-portable electro- measured thicknesses front about 1 .25 to 4.5 mn. No
magnetic indUCtion sounding instrument, with special ice under 1.25 mn was sounded in this study. Instrument
plug-in data processing modules for the remote thickness determinations of multtiyear sea ice over
measurement of sea ice thickness, are discussed. The about 4.5 m thick showed larger deviation from the
field trials indicate ttial the instrurne~t was capable of drill hole snow and ice thickness measurement. It is
estimating undetormed sea ice thicknebs, with a snow F )se~d that the undulating multiyear sea ice relief is
cover, generally within about 51/ of the drill hole 1. aojar cause of the EM deviation.
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ing the manuscript of this report.
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Electromagnetic Induction Sounding
of Sea Ice Thickness

0

AUSTIN KOVACS, DEBORAI t DIEMAND,
AND JOt IN J. BAYER, JR.

INTRODUCTION ice thickness, based upon the above findings, as 0
well as a second field trial of the Flow Research

In a 1990 field study, a hand-held electromag- processor module.
netic induction sounding instrument with a spe-
cial plug-in data processing module for the re-
mote measurement of sea ice thickness was INSTRUMENTATION
evaluated (Kovacs and Morey 1992). The proces- 0
sor module, used to convert the measured sec- The primary sensor is the 9-kg man-portable
ondary electromagnetic field in-phase and quadra- Geonics Ltd., EIA-31-) electromagnetic induction
ture phase response to an ice thickness, was found souncung system (Fig. 1). This device is designed
to be defective. The electromagnetic iastrument to measure the magnitude of the in-phase and
(EMI) would not work after a short period at quadrature components of the secondary electro-
temperatures below 10'C. Indications were that magnetic ti' 1 induced in the ground by the 0
the source of the problem was battery-related, instrument's 9.8-kI-Iz transmitted (primary) dec-

The EMI was then used without the processor tromagnetic field (Geonics Ltd. 1984). Since sea
imodule. In this operation, the instrument was ice is relatively transparent at this frequency, the
"used to measure an apparent conductivity as a response measured by the instrument is a strong
function of instrument st:,ndoff distance above function of its height above and the conductivity
the seawater. The r-sults showed that a good cor- of the seawater. 1 herefore, an accurate measure- •
relation existed between the EMI-determirted con- ment of the secondary electromagnetic field re-
ductivity reading and the sea ice thickness. This sponse and a full solution analysis of the data
"led to the conclusion that a snmple graph or lookup
"table could be used to estimate sea ice thickness
from the conductivity reading. In short, the tech-
-nically elaborate processor module built by Flow 0
"Research, Inc. (Echert 1986 and Echert et al. 1989)
was overly sophisticated for the meas'urement of
I indeformed sea ice thickness. This conclusion was
based on the knowledge that the seawater under
winter Arctic paLk ice has at relatively uniform
conductivity of about 2.5 S/in and an overriding 0
influence on the conductivity determined by ihe
-EMI. In addition, because undeformed s-a ice is
relatively resistive, it does not have a significant .

rinfluence on the EMI's conductivity measurement .", .,...:..

(Kovacs and Morey 1992). -, >j. .:•
This report gives an assessment of a new Ftiure 1. EMI instrument shown restinllg on -

Geonics processor module for determining sea lead ice, as iused ill this study.
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using the numerical procedure of Anderson ( 1979) relation between the EMI-determincd conductiv-
should give a good estimate of thle instrument- ity reading and the instrument height above thle
seawater distance, or the sea-ice thickness, when seawater, as Shown in Figure 2. Because the sea- X
the EMI is resting onl the ice, water condluctivity under ikrctic pack ice does

The Flow Research ice processor ii-odule was not vary significantly from about 2 5 S/rn during
designed to use the nuiltilayer analysis of Ander- the winter, it became clear that a simple plug-in
son (1979), as provided in the Geonics program processor module for the EMI Could be deveL-
l'CL00P, and an interpolation algorithm (Echert opod for estimating sea ice thickness. This mod-
1986). Kovacs and Morey (1991) state ole Would contain a programmed lookup table

This Ippocli assme thatM tHeM( inl-pIaSe al'd listing the apparent conductivity VS, tEMI height
1]madra~tire Coml)pollenlts of the received magnetic a-bove the seawater, When the instrument is rest-
field amre uniqire to SPecifiC sea ice Lhickness .1110ice iog onl ice. [hese lookup table values woiild hie
and1L seawater coniductiv ities, The Flow Research determined using the l'CLOOI' Program, a bulk
101) k ip tabl e was developed tisirig 10 nS /mi for thet sea ice condluctivity of 10 mS/rn and a Seawater
tbutk coniductivity oif the sea ice, a seawater cond uc-
tti'itv ranige from 2 to 3 S/rnl inl 0.25-S/ini tucre- conductivity of 2.5 S/rn. A digital display Would
wieiimls, mind a sea ice tbickimiss ran1ge from11 0.25 to 0.0 be provided onl the module. After thle EMI was
ill ill 0.25-rn iicreim.'ts. The ice thlickniess displayed turnedt onl and a Conductivity measurement was
is ant interpolatims' betweent tile tabulatedl d,iF-i and miade, this value would be cross-correlated with)
thle nwa~sured EM-3 I response. ant instrument height lii the lookup table, which
The new plug-in ice thickness proceaisor miod- Inl turn Would then be displayed. Only 01ne pulsh

Lile for the EM-31 was designed and built hb' buitton would be required to activate thle inlstroL-
Geonics, Ltd. Provisions were incorporated in thle ment for an ice thickness Measurement. Aftem fur-
Module to allow for thle uinit", Output to [e re- ther considerationl, it was decided to expand thle
corded at a portable com1puter stationed up to 30 lookup table to allow for a Seawater corductiV ity
:11 aWay or' to a smnall field-portable data recorder. range fromt 2 to 3 S/rn. 'This range Would be di-
I~hiS provisiOln allows for thle continuousw, record- videcl in) increments of 01.1 S/rnl and requI~ired al
imig of ice thickness ablong a sukrvey route whenl the second push buttonl to inlpilt the appropriate Sea-

EM I instrument is towed over the ice noi a sled or water corldUCtiVi ty. [h is two-buttonl device woulld
sseddfrom a boom off the Side of a ship. Lie a very simple ice me1aSUVrement Module to Op-

The new ice proce!;sor module was based upon oralte, and thle rigorou1.s procedure needed to cali-
the 19901 field results, Which showed at good cur- brate th- Flow Research ice thickness processor

mnodule (Ecihert et at. 1989) would thus be avoided.
[Ihit' capolbility to change thle Seawater Cond UC-

3o00 - tlvity' Would allow thle (eOmliCS processor M~odule
to he ldj USted fOU u n usual seawater sa Ii ni y conl-
ditionls. It thle operator hald reason to believe that
the sea'CwaIter conlductivity was not 2.5 S/rn, and at

C 201Conductivity bridge was not on hand to make this
t 200 - imeasurement, hle/sheC Could proceedI as follows.

A dtrill hole ice thickness mneasuremlent would hle
1; made. 'Then, with thle EMIt resting on thie ice, an

ice thickness mel as uremenl~t Would be made with
C) ~the ice processor mimodule1. The first measurement3

100 j could be made with the Seawater conductivity set
mil 2.2 S/m, ait Scond at 2.3 S/rn, and so onl until

til WU11C~~alydisplayed ice thickness onl thle
j processor unit agreed with the drill hole mea-

i 2ý5 Shrn ' sured value. From this assessinciit, a mecasure of

~1 L I L ~ , the sea water conductivity Would be olbtained, and
0 I 2 3 4 5 6 thle instrument would be calibrated~ for this loca-

H, Tapp-Measured IOistanc-a to Soawater (M) tion, It Should be of interest to note, that at seawa-

15I -gir 2. EM!v-mlofeýrznmtmic'd criudtctivitmy ins. osruommt ltel conductivity error of j-0~.2 5/ni has at very
hieightI aboutflMe se'ucsitir (froln Kovar'.s aimm MorcY , So mall effect <5'%,,) Onl the eM timn a ted ice thickness
.1992) mY 0171- i'omtir coldimductiity. (Kovacs and Morey 199)2).

2

4D



'irSi RLUI .IVS

ilt~~~ itt oii ki I, to icn itt l Ii 'I t I it' ii 'Iiil

\\% ii iiN I ii i 'M iit I t Ii I Iti it' ti it'1 I ItP

I I, 1 1 1,W l i i t'd 11 tk i Ii~ I lk ' I-It' 1dI

Il I i I 'I I iii I " It 1it 1' k I I lii 11 1t I t 1111 Ili, 1 i ' I I t It

A " \v[litt , i t' i liii w Ii ý ill( I i t ti l ' It 't If I Ciii it i If i

Xi Ik 111 111 IpNt~ t I l lý l ItII i '1' " '

I t .'It, I I11 ý 1 % ' , 1 % I fII I

il t Ii hi tit- Ii I ic I II tilt 1i 1, 1it li t 11k I I

ii i' il it' I.'' I i i' I it' I t i 1t I 'l t I I I ]It I .t ' It lit I I I, ' I it I It, -

t Nt

~-a.



-- the suirve lineC. ['he COn~due.'1lvit me1asuremients
an, sI iownt i inl Figore 5~ [he0 regress,~ ionenreeow

pasing though the data indictesCM1 tha~t the kcOnl-4

ductieitV 11ormal1 1and pamt,1U 10i to 0 to ine has IS
Slight 11iaS. tIShis bis inldictes that the0 iceL 't&a
slightly thicker parali lel toC the10 line. 'FlMI t oil
dijetivit Ihreadinlgs vs. lee, thickness 11' show _IO IIlk

ligLJire N. A> expec ted, the(se' re>, tIlts slIItt't an1 e x-
ponen'Itiall ktti0C'eis' inl ('0i1d iCti't'itlk wVith iInereIs-
inlg lie thickneSS. '1he stope) Ot 0-1e curieV passHitg
throughl thet dai,. bi'Cmriius rat~w ýIl small beyonld
A)Ibot 1ii, su Msttg that thUI I't IstIIIniWIt" 's reI-
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Figure 6. On surfaice EMI cotiduetivity ?lu'asureinent vs. drill hole mewasured
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F-igu re 7. Cotn pa rison of tile VM I s-now Id ic'' thickness ineasulrL'nien ts miade
parallel vs. perpendicular to the survey~ line.

and Morey 1978, 1979; Morey et al. 1984) and side between the vertical basal plane, of the nu-
muchainical (lPayton 1966, Wang 1979, Timco and merous fresh ice platelets that make up the sea iceb
F'redcrk-ýng 190)0, Kovacs 1993) properties of the crystal structure as depicieu (Fig. 8). When the c-
ice, axes on the ice crystals, are all aligned, then the

The bottommost 0.2-mn portion of the ice sheet brine inclusions reside in parallel rows. Radar
Causes the largest change in the sea iCV c'lectro- reflection measurement has shown that when the
rmagnotic properties. Hiere the entrapped brine, antenna E-field is aligned parallel with the pre-
which governs the ice conductivity, increases ex- ferred horizontal c-axis direction of the ice crys- 0
ponentially with depth. The brine inclusions re- tals at the bottomn of the ice sheet, maximum re-



noniceBrine to be an effective polarizer of traverse UHF and
Gas -re Platelet Pocketselect' ''trn ie~ti waves. This ice structure

may have been the reason for the conductivity
anisotropy noted in Figure 5 and the related icet
thickniess offset shown in Figure 9. Nine conduc-
tivity measuremnents were made on new lead ice

dRooti with the EMI's b -ýmn aligned parallel and then
perpendicular to the preferred sea-ice c-axis crys-

SK I..~ ai till direction, and two nieasurements were ma-de
I J.loctc, at -45" to the preferred c-axis alignment, as deter-

/ mined fro~m *ice core samples. Thc conductivity/ mea0,surements, without gain correction, atre listed
in Table 1. The data clearly indicate a stronig con-
dulctivity anlisOtr'Opy at this Iloationl When the EMI

a 0. was rotated onl the ice. But, whenCI :he insitrumen1V~t
a8 0. 1 to 03min, b I. 1io5 Ca. t; 5o a was elevated I In above dhe ice surfaceV at sites 2
d - 025 to 1.25mmn (avg 0.7) aind 3 and the mneasurements repeated, the con-

-frozn Ilttiior.m ductivity anisotropy was not discernible. While

[ZSeawater Interlace this field program was not intended to explore
sea ice anisotropy using the, EMI, the limited field

I N'ti ilv 8. Modeiil of )Hic st ct itt/ crytal st rilctt in', Showit- mea.SU remecrtts, do Sl uggC;;t that the Sea ice struc-
i ii,' flit, t ransi itiotn fromtt coltimmittnr fit' to it (,i 4kil (t! lture may have affected the apparent ice condutc-

(.' K) kiytter tit thle bottom oftllt o in, slit,'!. Thet rooft 2(1 itt tivity mela,1ureme~nts1 anid there fore the ice thick-
Ipiits ISn tic [I~lCt0 Cnottact beiota 'ct icc pltelctt'its ill t/it' ness estimn-ate. Fur'ther !stud y sh ott Id rsolve this-
Ztiiit of; liteleti si';iarattont. iT'e brimii pittkets art' oriit i h-SueC.

to, C'-1 l 'Nizt wi~ t'Alo 120 atri'ie 11vls lttni'iet aittng A Oeto-one CUIVC was pasdtlOgh the

tiolt limlits as shown in Figtire 1t). As may he'

7------ - in~ferred from11 Fi gutre I10, th E .M I itce thIiickn ess* *
de~termination fOi' the m1ost part It'll Withini the ,

6 0 V 0.20 + 0l.92x . Variationt tt the dr ill 111 bol'masuretl sn1ow and lic'
0' 0970 thickness m,~a,;ur(em~CatS till) to about 4.5 m. Aboive

a, 4., tit the undulating ice rei'ef and therefore t he
ýcO thickneUss ilt thte area Of the dIril 110 ItoIc p a tthiy

4 IadVersely Ofteteet the0 correlatiton between the 'MI
'U ala,. drill htole incaS ti rtei'oIC1s.

Table 1. Apparent conductillity vs. EMII boomn1 alignment with the preferred c-axis alignment.

0 2 4 0( 011l,101iii irS/n.
Drill Hole Mseasured Snow and Ice Thiickneoss (m) H~~~~r.s Iiiii t,,nii""Ini

01 it-f 11S~ktt~s I0 S;83 Y

1l"ic'd energ-)y I rolni the icte bottoml is recordedl. .1 96 75
Ii 0VeVi4'r, Wht'n t he' aattn nd is or ienatedl pe rpeo1- 1 890~ ts

kiltcilar tir thev pri'le'rrt't (-axis ttirt'clitn, thte rc- 0All' 8651 871
VIintt tergy was .s iCgoIfallt Iv reducitd oir ('ln 1,5 8lit SWri S"2

nalii (Kovacsý tail Morey vV-79). (11.17 108 50
It'll t rdt'ret i( pclal~toltI ,t1_LuCtulrV It the hot-

tom it he hic ( 0-9 n) criit his h~ll ho~) 'hil huc ',1OWAli ývim n(1
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7 I I r{ cooled from zoom temperature to the -40'C out-
side temperature. After cold soaking the instru- 0

- , ment for 30 minutes, Gerland and Hass de-
±,, , "- termined that the conductivity reading had 4)
1+51% apparently decreased to where the estimated ice

• _ ,,,•, , ",i;j'''• . _ thickness was about 5% too low. After an hour of
'-4 cold soaking, instrument drift was no longer of

*5-,_ significance. It was determined that the drift wa3
o• .. ,,largely due to cooling the antenna coils. Olu, field

- measurements were made at much warmei tem-
peratures and after the EM-31 had been outside
for well over an hour before being used. While
the results of Gerland and Hass are instructive,

i their findings are not unexpected.0 24 6
Drill Hole Measured Snow and Ice Thicknoss (m) The EM-31 operator's manual (Geonics 1984)

states that "the EM-31 is temperature compen-
Figure 10. A one-to-one linear curve drav•n through lhe sated and set to read correctly, but due to its high a
datit shownt in Figure 9. Also shrown is tlse ±.5% van- sensitivity, fine adjustment cf the instrument gain
nlCu.f o• thie curve, in the field may be helpful, particularly in the

"case of the large changes in ambient tempera-
lure." In short, the instrument should not be used

DISCUSSION until it has chermally st .bilizeo, and a calibration
adjustment may also be in order if a large tern- p

From the results presented in this report, con- perature chbnge has occurred.
d uctivity measurements made with a man- In the EM-31 ice thicknuess module program, a
portable EMI can apparently i: e used tc estimate bulk value of 10 mS/mi was used for the conduc-
Arctic sea icc thickness. This is based oln field tivity of the sea ice or the combined snow and sea
conductivity measurements that were found to ice layer. Slight variationn ;n this bulk value will
systematically decrease with increasing ice thick- not significantly affect the EMI's determined snow P
ness. The data indicate that the conductivity read- and ice thickness, but estimated snow and ice
ings can be used Lo estimate sea ice thickness us- thickness will be in error where the snow load
ing a simple lookup table or a graph. An EMI has depressed the sea ice oelow sea level and a
plug-in processor module may also be used to portion of the snow is now saturated with highly
convert the measured conductivity directly into a conductive seawater. The same would be true for
numerically displayed ice thickness. The ice thick- rafted ice sheets separated by ice blocks or slush p
ness estimates obtained with the use of the EMI ice. In this situation, the layer of seawater or high
were found to be in good agreement with the drill conductivity sMush layer between the ice sheets is
hole measurements. For sea ice front about 1.5 to not accounted for by the ice thickness module
4.5 m thick, the, leviation between the EMI instr- program and the thickness estimate will be in

ement estimateo and the drill hole measured ice error.
thickness was on the order of ±5%. 5

At the 12th International Conferen,e on Port
: and Ocean Engineering Under Arctic Conditions, LITERATURE CITED
held in Hlamburg, Germany, during 17-20 Au-
gust 1993, S. (crl'ind and C. Hass of the Alfred Anderson, W.C. (1979) Computer programs; nu-
Wegener Institute for Polar and Marine Research merical integration of related Hankel transforms
presented a poster display of the EM-31 conduc- of orders 0 and 1 by adaptive digital filtering. S
tivity measurements they made on sea ice They Jourmul if Geophysical Research, 44: 1287-1305.
too found good correlation between EM-31 con- Echert, D.C. (1986) Electromagnetic induction re-
ductivity reading and the drill hole measured ice mote sensing of sea ice thickness. Flow Research
thickness in areas of nonridged sea ice. However, Co., Inc., Kent, Washington, Flow Research Re-
their EM-31 instrument was found to be tempera- port 388.
ture sensitive. In their test, the conductivity read- Echert, D.C., G.B. White and A. Becker (1989) )
ing drifted to lower values as the instrument Electromagnetic induction sensing ofsea ice tihick-
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ness and 'odci ity 0lw Rsac Co-, 1nc. ice thickness using a portable electromagnei in
Flow Technical Report 492. d uction instrumnent. Journal of Geophvsicad Research,0
Geonics, Ltd. (1984) Operating manual for EM- 56(12): 1992-1993.
31-D non-contacting terrain conductivity meter, Morey, K.M., A. Kovacs arid G.F.N. Cox (1984)

I Geonics, Ltd., Toronto, Ontario, Canada, Electromagnetic properties of sea ice. Cold Re~iou:s
Kovacs, A. (1993) Comparison of axial double- Scieiice and TecIhnologýY, 9: 53-75.
ball and uniaxial unconfined comnpression tests on Payton, H.R. (1966) Sea ice strength. Geophysical
freshwater and sea ice samples. In P'roceedings o~f Institute, University of Alaska, Report UAG-182.
the 12(lh bl:er::ati~oua Con 'ference ton Port and Qcnn:f Tirnco, G.W. and R.M.W. Frederking (1990) Corn-
l-inpcc'rbiN. Under Arctic Conditions, Vol. 1, p. 72-84. pressive strength of sea ice sheu~s. Cold ein
Kovacs, A. and R.M. Morey (1978) Radar anisot- Science and Teeluzoloyt, 17: 227-240.
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